Abstract. 'Ingeborg' is currently the main commercial pear cultivar grown in Norway. However, fruit set and subsequent yields of this cultivar have proven to be variable and overall low averaging 10-20 t · ha L1
grown in Norway, including the Hardanger district, western Norway. 'Ingeborg' is a triploid (3x) and is believed to be the result of fertilization of an unreduced diploid (2n) egg cell from 'Conference' with a haploid (n) pollen cell from 'Bonne Louise' (Sehic et al., 2012) . Although 'Ingeborg' possesses good pomological traits that are highly desirable to Norwegians, fruit set and subsequent yields of this cultivar tend to be erratic and significantly lower than other pear varieties grown in Norway (Meland and Frøynes, 2014) .
Yields vary significantly between different orchards in the Hardanger region within any one growing season and parthenocarpy may play a role. Seeds extracted from 'Ingeborg' fruits are frequently underdeveloped. Triploids typically have low fertility due to a reproductive barrier whereby three sets of chromosomes cannot be divided evenly during meiosis yielding unbalanced segregation of chromosomes (Phillips et al., 2016) .
Triploids are typically highly infertile; however, limited fertility and seed production can result from the formation of apomictic embryos or through the union of aneuploid or unreduced gametes (Ramsey and Schemske, 1998) .
It should be noted that pears, which are auto-incompatible, may have seeds even if they are self-pollinated. Ny eki et al. (1998) found that even during self-pollination, pears can bear fruits, which are a) entirely seedless (parthenocarpic), or b) the seeds were empty or flat without any viable germination, or c) some viable seeds developed at a low rate (0.5% to 2%) in addition to empty seeds. Incompletely formed seeds, low seed number per fruit, or both have reduced sink strength (Weinbaum et al., 2001) , which results in lower fruit weight and decreased yields.
Self-fertilization in European pears (Pyrus communis L.), similar to other fruit species of the Rosaceae family, is prevented by gametophytic self-incompatibility (Crane and Lewis, 1942) . Consequently, interplanting of suitable pollinizer genotypes in pear orchards is essential for fertilization of the ovules, which in itself is necessary for a successful set of an optimum crop load (Webster, 2002) . Identifying cross-compatible pear cultivars is traditionally accomplished with testcrosses and more recently using polymerase chain reaction (PCR) based S-genotyping (Mota et al., 2007; Quinet et al., 2014; Sanzol, 2009) . However, planting cross-compatible pollinizers, which have coincidental flowering time overlap with the main commercial cultivar, does not always guarantee consistently high yields. In addition, environmental variables, such as rainfall, temperature, and cloud cover, may also negatively affect pollinators and the effective pollination period (EPP) (Sanzol and Herrero, 2001) . EPP is defined as the difference between the ovule longevity minus the time between pollination and fertilization (Williams, 1965) . Because of generally unfavorable environmental conditions for pear pollination during the Nordic spring, 'Ingeborg' orchards have been established using multiple pollinizer cultivars. Despite this, yields are often low and erratic in some 'Ingeborg' orchards in Hardanger, Norway, and this requires further investigation to identify which of the pollinizers is the most effective, both in high and poor yielding orchards.
Determining pollen compatibility of individual pollinizers may be accomplished by genotyping progeny plants produced by germinating seeds extracted from pear fruits of the main commercial cultivar and using the obtained molecular data to identify the male parent. However, the occurrence of aneuploid seedlings with poor viability, frequent among triploids (Zhang and Park, 2009 ) such as 'Ingeborg', makes the above procedure impractical. Consequently, genetic analyses should be performed on the pear seeds themselves instead of the progeny plants. The seedlings that are produced from seeds will be primarily aneuploids because of unbalanced chromosome segregation in meiosis (Brownfield and Kohler, 2011) with poor viability due to the triploid nature of 'Ingeborg'. However, limited number of progeny from maternal triploids could also be diploids (generational reversion) and tetraploids (fertilization from unreduced gametes from one or both parents) (Phillips et al., 2016) .
Microsatellite markers or simple sequence repeats (SSRs) have proven efficient in parent-offspring analyses on pear (Kimura et al., 2003) . Although a comparative study has shown that the identification of a highly informative set of single-nucleotide polymorphism (SNP) from a large panel showed significantly more accurate individual genetic assignment compared with the combination of SSR loci (Glover et al., 2010) , Moore et al. (2014) found that microsatellite markers are accurate genetic markers for genetic assignment, especially in combination with informative SNPs. In the case of plant parentage, pollination and dispersal analyses, and microsatellites with their various limitations remain an important genetic marker (Ashley, 2010) . In addition, there are several readily available microsatellite markers at present, developed from either apple (Gianfranceschi et al., 1998; Liebhard et al., 2002) or pear (Fern andezFern andez et al., 2006) , that can be used in the genetic analyses of European pear genotypes.
In this study, pollination efficacy of several commonly used 'Ingeborg' pollinizers in the Hardanger region was investigated using microsatellite markers. To examine the causes of fertilization between Ingeborg vs. all pollinizer cultivars, molecular analyses of S alleles were performed.
Materials and Methods
The environmental conditions in Ullensvang, a municipality of Hardanger, Norway's biggest fruit producing region, during flowering were conducive to pollination of 'Ingeborg' in 2014 and Table 3 . Pear producers did not provide beehives for pollination, but neighboring farms that are growing cherries and plums are renting beehives for pollination. The distance between some pear orchards and these beehives was 100 m and more.
Molecular and phenology analyses. Tissue samples (leaves) for DNA analyses were collected in the Spring of 2014 from a single tree of the main commercial cultivar (Ingeborg) and from pollinizer genotypes ('Clara Frijs', 'Herzogin Elsa', 'Anna', 'Color ee de Juillet', and 'Belle lucrative') present in the analyzed orchards. The genomic DNA was isolated from 70 to 80 mg of leaf powder using the CTAB method (Cullings, 1992; Doyle and Doyle, 1987) . Extraction and isolation of genomic DNA from pear seeds were conducted according to Padmalatha et al. (2008) . As it was impossible to obtain enough high-quality DNA from a single seed for the genetic characterization, well developed seeds collected from each individual orchard were mixed and ground together to obtain a single homogenous sample.
Twelve SSR primer pairs (Table 4) were chosen based on their polymorphism observed in a previous study on European pears (Gasi et al., 2013) . All PCR reactions were carried out in accordance with the protocol described by Gasi et al. (2013) . Amplification products were separated on an ABI 310 automated sequencer (Applied Biosystems, Foster City, CA). A PCR product (1 mL) was added to a master mix containing 9 mL of deionized formamide and 0.5 mL GeneScan-350 Rox size-standard (Applied Biosystems). Samples were heated at 95°C for 5 min and immediately cooled down on ice. SSR profiles were scored using GeneMapper Software ID v3.2 (Applied Biosystems). S-genotyping of cultivars for S1-S24 based on a PCR approach was performed using consensus and allele specific primers published by Sanzol (2009) , applying PCR protocols detailed in the same study. Flowering dates (beginning of flowering, full bloom, and petal fall) were recorded for each orchard during 2014 and 2016 to determine the flowering overlap between the main commercial cultivar and the pollinizers.
Biostatistical analyses. The number of different alleles and gene diversity corrected for the sample size (Nei, 1987) were calculated for the main commercial cultivar and its pollinizers as well as for the seeds collected in 2014 and 2016 using SPAGeDI 1.3 (Hardy and Vekemans, 2002) . To test if there was a significant difference in number of alleles and gene diversity among the analyzed seeds, between the two seasons, a paired-samples t test was used.
As the seed samples from each single orchard were mixed and ground together, they represent a group of genotypes and not individual offspring; an assignment or exclusion of individuals (Rannala and Mountain, 1997) within the GeneClass 2 software (Piry et al., 2004) was conducted to identify the pollen contribution of each potential pollinizer. The purpose of the genetic assignment is to assign or exclude reference group as the origin individuals on the basis of multilocus genotype data (Piry et al., 2004) . We have implemented the Bayesian approach as it has been described by Rannala and Mountain (1997) . It included calculation of relative scores with -log values of the likelihoods without Monte Carlo resampling algorithms.
Results and Discussion
Pollinator activity may be adversely affected by low temperatures and excessive rainfall during bloom (Scorza et al., 2013) . Excessive rainfall may also hinder the diffusion of floral nectar scent (Yan et al., 2016) . Temperature also has a major effect on stigmatic receptivity (Hedhly et al., 2003) , ovule longevity (Cerovic et al., 2000) , pollen germination, and pollen tube growth (Delph et al., 1997) .
In 2014 and 2016, temperatures were conducive to pollination and fruit set, and there was negligible rainfall during the bloom periods (Table 1 ). The average temperature measured during the 'Ingeborg' flowering was higher in 2014 (13.1°C) than in 2016 (11.4°C). However, higher post bloom temperatures, which can significantly influence the decrease of fruit set in pear (Tromp and Borsboom, 1994) , were recorded in 2016. As a matter of fact, the average temperature during the 7-d post bloom period in 2014 was 11.1°C (with a maximum daily temperature of 19.2°C), whereas in 2016, it was 14.0°C (with a maximum daily temperature of 25.5°C).
Twelve primer pairs managed to amplify 45 distinct alleles among the main commercial cultivar, pollinizers, and 'Ingeborg' seeds collected in 2014 and 2016 (Table 5 ). The average number of alleles per locus detected in 2016 (2.25) was significantly lower than the values obtained for the seeds in 2014 (2.75) (paired samples t = -2.57; P < 0.05). A difference among the seasons was also noted for the gene diversity values (0.52 and 0.50, respectively); however, it was not statistically significant. The higher number of alleles detected for the 'Ingeborg' seeds in 2014 indicates a pollen contribution from a more diverse set of donors (different pollinizer cultivars). Considering that the same pollinizers were used in both seasons and that the flowering period was overlapping in both years, the differences in pollen contribution between the seasons may have at least partially been influenced by the presence of higher number of insects (pollinators) during warm days in the period of 'Ingeborg' flowering in 2014. The decrease in fruit set might explain the overall decrease in the diversity of alleles detected among the pear seeds and between the 2 years. The potential negative effect of higher post bloom temperatures in 2016 (with 4 d maximum temperatures above 20°C) than 2014 could also have contributed to lower fruit set in 'Ingeborg', which was selected for cultivation in cooler climates.
In five of the six farms, pollen contribution ratio was very close or almost identical between seasons (Table 6 ). Farm 4 was the main exception where the pollen contribution in 2014 season was much more evenly distributed between two of the pollinizer genotypes (59% 'Herzogine Elsa' and 39% 'Clara Frijs'), whereas in 2016, 'Clara Frijs' was the overwhelmingly dominant pollen donor. The reason for this is that 'Herzogine Elsa' in 2014 and 'Clara Frijs' in 2016 exactly overlapped their flowering with 'Ingeborg' and thus became a main pollen donor.
Overall, pollinizer 'Clara Frijs' was identified as the dominant pollen donor in four of the six orchards analyzed through the gene assignment analyses. This was somewhat expected, considering that this pollinizer cultivar is the most abundant by number in these orchards (Table 3) . Also, 'Clara Frijs' had a good time overlap with respect to full bloom coinciding with 'Ingeborg' in both 2014 and 2016 (Table 2 ). In one of the two remaining orchards, 'Belle lucrative' was the main pollinizer cultivar and was identified to be the overwhelmingly dominant pollen donor in these orchards through the gene assignment analyses. However, on farm 6, even though 'Clara Frijs' was the most abundant pollinizer, 'Belle lucrative' was identified as the dominant pollen donor. In fact, 'Belle lucrative' was not even planted as a pollinizer in this orchard; however, several old large trees were present on the neighboring farm. The results obtained are conclusive and indicate that 'Belle lucrative' should be considered as an effective pollinizer in addition to 'Clara Frijs'. S-genotyping of 'Ingeborg' revealed that this cultivar possesses the following three S alleles: S102, S108, and S121, labeled in accordance with the numeration proposed by Goldway et al. (2009) . Considering 'Ingeborg', parent cultivar 'Conference' possesses S108 and S121 S alleles (Sanzol, 2009) , whereas the other parent 'Bonne Louise' possesses S101 and S102 S alleles (Sanzol and Robbins, 2008) , and the obtained S allele profile confirms the conclusion by Sehic et al. (2012) that 'Ingeborg' is derived from an unreduced 'Conference' egg cell being fertilized by a haploid pollen cell from 'Bonne Louise'. The results of S-genotyping obtained for the five pollinizer cultivars revealed that only 'Anna' possesses an S allele already present in 'Ingeborg' (S108), making it a semicompatible pollinizer (manuscript is in press). The results of the S-genotyping indicate that preferential pollination by individual pollinizers in 'Ingeborg' orchards is not caused by sexual incompatibility.
With regard to yield, 'Clara Frijs' was identified as the dominant pollen contributor in both poor and high producing orchards (Table 3) . Furthermore, there were no consistent differences in yield per hectare values between orchards where 'Clara Frijs' was the dominant pollen donor, and the ones where 'Belle lucrative' was identified as the most significant contributor of pollen. Overall, a clear connection between the specific pollinizer and subsequent yield could not be made. Conversely, yield per hectare calculated for each farm was more than double in 2014 compared with 2016. Year-to-year fluctuations in pear blooming, which ultimately affect pollination, fruit set, and crop yield, are known to be affected by prebloom temperature regimes in combination with the climatic condition of the previous season and are also possibly related with bud dormancy (Wertheim and Schmidt, 2005) . Although this is a trait common for pear cultivars, 'Ingeborg' fruit set and yield seem to be especially affected depending on season and possibly microclimate, as shown by stark differences in yield between orchards in the same region. Furthermore, Sanzol et al. (2003) demonstrated clearly that asynchronous maturation of the both stigmas and ovules within a single ovary in the same pear flower can occur and varies between years. This probably means that EPP is long enough to ensure the pollination and fertilization in pears. According to Sanzol et al. (2003) , this aspect is even more pronounced in populations where pollinator efficiency is low, unreliable pollination conditions exist, or both. This certainly appears to be the case in the Hardanger region. Table 3 . Farm number, orchard size, year of planting, yield of 'Ingeborg' trees in 2014 and 2016, and number of pollinizer cultivars present in six orchards included in the study. Planting density farm 1-5: 1 · 4 m, farm 6: 3 · 5 m. The most notable difference between 'Ingeborg' and other pear cultivars, which display higher and more regular yields in Norwegian conditions, is its triploid nature, the effect of which, on the fruit set, needs to be investigated further. Fertilization with unreduced gametes, apomixis, and pseudogamy were documented in triploid-derived embryos/offspring but were relatively uncommon. The considerable reduction in female fertility of some triploid selections coupled with the limited production of primarily aneuploid progeny provides desirable options for new infertile flowering pears to prevent or reduce reseeding and naturalizing (Phillips et al., 2016) .
Conclusions
'Clara Frijs' was found to be the main pollinizer cultivar, in all, but two of the orchards analyzed. This was mainly a function of the number of trees planted when compared with other pollinizer cultivars. 'Anna' shared one incompatible S allele with 'Ingeborg', making it less suitable as a pollinizer. It is important to note that in one of the orchards analyzed, pollen contribution was distributed more evenly across several pollinizers in 2014, compared with 2016. This is probably because of a smaller overlap between the full bloom date among 'Ingeborg' and its pollinizers in 2016 and much higher maximum temperatures in post bloom period in 2016. Poor ovule fertilization and low yields in 'Ingeborg' are not caused by sexual incompatibility, and in the light of the present study, it can be concluded that both 'Clara Frijs' and 'Belle lucrative' are efficient pollinizers and should be recommended for future 'Ingeborg' plantings. Finally, future investigations examining the EPP of 'Ingeborg' in relation to temperatures, both minimum and maximum during flowering, could lead to a better understanding of fertilization, which in turn would lead to higher yields under cool mesic Norwegian growing conditions. 
